ABSTRACT Belostoma lutarium (Stål) is semiaquatic predator common to vegetated ponds, lakes, and bayous throughout eastern North America. We used scanning electron microscopy and histological cross sections to show that the morphology of the feeding structures of B. lutarium agrees with the general hemipteran feeding plan. Slight deviations from the previously reported observations for other Nepomorpha include the structure of the triturating devices, feeding stylets, and the efferent salivary duct. Furthermore, interrupted feeding trials indicate that B. lutarium is able to feed on large prey for over 2 h and not deplete its supply of salivary enzymes. All three productive components of the salivary gland (main, lateral, and accessory glands) empty most of their salivary products during the Þrst 2 h of feeding, and begin regenerating their secretions during the feeding process. Essentially, no latency period for saliva production exists in this species. The structure and function of the mouthparts and salivary gland are adapted for the predaceous feeding habits of Belostomatidae.
EXTRA-ORAL DIGESTION (EOD), or injection of digestive enzymes into prey before ingestion, is practiced by numerous arthropods (Cohen 1995) . EOD can increase digestive efÞciency by reducing the intake of undigestable material, increasing the percentage of digestable material occupying space in the gut, and increasing the rate of absorption of the predigested material in the gut. In terms of a predatorÕs impact on its community, optimal prey models predict that extraoral digestors should exhibit an enhanced impact on populations of smaller prey, by consuming more prey per unit time, and furthermore predators practicing EOD should have a wider niche breadth in terms of prey size (Cohen 1995 , Symondson et al. 2002 . Understanding the higher order effects of predators on several prey species in a community is necessary for studies of community ecology, and for practical application to studies of biological control of pest species (Wheeler 2001) . However, several characteristics of the general process of preoral digestion suggest potential limitations to potency of these predators. Among these factors are the costs associated with the production of salivary enzymes in terms of energetics and, especially, time, i.e., refractory period. The lack of basic knowledge of the mechanics of the hemipteran feeding apparatus, especially salivary production, limits our ability to understand the potential impact of hemipterans as predators in their ecological communities.
EOD has arisen in a variety of animals, including protozoans, rotifers, nematodes, and molluscans (Cohen 1995) . This mode of digestion has been most studied in arthropods, in which the process has arisen numerous times in different lineages (Cohen 1995) . Among the Insecta, Hemiptera represents the largest order in which all members exhibit EOD. Hemipterans include phytophagous, zoophagous, phytozoophagous, and zoophytophagous members (Boyd et al. 2002) . Predaceous hemipterans typically capture prey and inject salivary enzymes while rasping prey tissues with chitinous, needle-like stylets that enhance liquefaction of the tissues. The liquiÞed contents of the prey are thereafter ingested through a tube-like proboscis. This type of feeding has been termed type I, nonreßuxing EOD (for a more thorough discussion of EOD, see Cohen 1995) .
Several classic works have provided a general understanding of the morphological components of the hemipteran feeding structures, including Weber (1928) , Snodgrass (1935) , Miles (1972) , and Parsons (1963 Parsons ( , 1964 Parsons ( , 1965 Parsons ( , 1969a Parsons ( ,b, 1972 . These early morphological descriptions have been important for supplying data used in phylogenetic analyses of hemipterans (Parsons 1964 , Goodchild 1966 , Cobben 1978 . More recently, with the use of terrestrial hemipterans in pest managment, the role of morphology in dictating the functional capacity of these predators has been realized (Cohen 1990 , Boyd et al. 2002 . The structure and function of the feeding apparatus of a few taxa are understood, such as taxa employed in biological control (Miridae and Geocoridae), those that are injurious to agricultural and forestry crops (Aphididae, Aleyrodidae, Adelgidae), and medically important hemipterans (Reduviidae). However, an understanding of feeding by hemipterans in their native habitat, and especially their impact on community dynamics, is lacking.
Two factors that can limit the impact of predaceous hemipterans (i.e., kill rate) are the kinetics of the suite of enzymes produced by the bugs and the rate of enzyme production. Indeed, it has been shown that trypsin-like proteinases produced by members of the suborders Cimicomorpha and Pentatomomorpha differ drastically in their enzyme kinetics. Trypsin-like enzymes produced by Cimicomorphs have a much faster digestion rate than those produced by Pentatomomorpha (Cohen 1995) . Cohen (1995) suggested that this is because of the recent adaptation of zoophagy by Pentatomomorpha versus the long evolutionary history of zoophagy by Cimicomorpha. Another limitation of EOD is the time required to regenerate salivary enzymes. If the salivary gland is emptied during feeding on the initial prey item, then subsequent feeding may be delayed because of the regeneration of enzymes (especially if the secretion mode is holocrine; Cohen 1995) . Furthermore, this saliva-limiting factor may inßuence intercatch interval, partial consumption, food extraction rate, food extraction efÞ-ciency, and other components of the feeding cycle (Cook and Cockrell 1978 , Giller 1980 , Bailey 1986 , Cohen 1995 .
Aquatic hemipterans have been shown to be important generalist predators and are quite possibly keystone species in their communities, producing direct effects through predation and indirect effects on morphology, behavior, and life-history modiÞcations in their prey (Kehr and Schnack 1991 , Babbitt and Jordan 1996 , Chase 1999 ). Aquatic hemipterans have been shown to be important predators on numerous aquatic insect larvae (including mosquitoes, midges, and odonates), anuran larvae, and minnows, and they are potentially important predators of commercially valuable species, such as crawÞsh (personal observation). An understanding of the limitations and effectiveness of EOD among these predators is important for future studies of their role in community dynamics (Sih 1987 , McPeek 1998 .
The aquatic hemipteran Belostoma lutarium (Stål) is numerous in vegetated waters of the southeastern United States and preys upon a multitude of prey, including gastropods (Physa, Helioconia), aquatic beetles (Hydrophilus, Gyrinus), odonata larvae, anuran larvae, and a variety of terrestrially derived organisms (leaf hoppers, crickets, and spiders). Because belostomatids are often present in high densities, and feed on numerous taxa, they are potentially important keystone species for structuring the communities in which they are found. Furthermore, an understanding of the innate limitations of their feeding cycle could potentially indicate their potential impact as predators on the aquatic communities in which they live.
Current understanding of the morphology of the mouthparts and gland structure of B. lutarium is limited to extrapolation from descriptions of the closely related B. flumineum by Marks (1959) and Parsons (1963) and from general structures found in other members of the suborder Nepomorpha (Neiswander 1926; Parsons 1965 Parsons , 1969a Parsons ,b, 1972 Goodchild 1966; Cobben 1978) . Scanning electron microscopy images of Nepomorpha are limited to the stylets and labrum of representatives of several families, including Lethocerus niloticus in the Belostomatidae (Cobben 1978) .
In this study, we report on the basic morphology of the feeding apparatus of B. lutarium. We present a detailed description of the mouthparts and salivary gland complex of B. lutarium using light microscopy and scanning electron microscopy. We also present results of an experiment designed to determine the amount of time required for the salivary glands to empty during feeding and the delay time involved in production of new salivary secretions by adults of B. lutarium.
Materials and Methods
Adults of B. lutarium were obtained by dipnet from near-shore environments at three sites in southern Louisiana (Little Wauksha Bayou, St. Landry Parish; University Ski Lake, Lafayette Parish; Atchafalaya River Basin ßoodway, Pointe Coupé e Parish). Animals were captured between June 2000 and June 2002, returned to the laboratory at University of Louisiana, and maintained in separate containers (450-ml disposable plastic drinking cups) until testing. The species was identiÞed using the keys of Lauck (1964) and Gonsoulin (1973) . Voucher specimens have been submitted to the Louisiana State Arthropod Museum (Baton Rouge, LA).
For SEM, the specimens were Þxed in 2% glutaraldehyde Þxative overnight, rinsed three times in a 0.2 M sodium cacodylate buffer (pH ϭ 7.4), and postÞxed for 90 min in 2% osmium tetroxide. The specimens were then rinsed thoroughly with distilled water and slowly dehydrated in a graded alcohol series. After three changes in 100% ethanol, the specimens were placed in 100% acetone for 15 min. Chemical dehydration was accomplished by placing the specimens in 50% acetone and 50% hexamethyldisalizane (HMDS) for 10 min, then 100% HMDS for 5 min. Specimens were then air dried overnight in a desiccator at ambient pressure and mounted on aluminum stubs with double stick tape. We sputter-coated the specimens with Ϸ30-nm gold, and viewed and photographed them with a JEOL 6300-F Þeld emission SEM at accelerating voltages of 15Ð20 kV.
Specimens prepared for light microscopy were Þxed overnight in DavidsonÕs ßuid (Shaw and Battle 1957) and rinsed for 8 h in tap water. They were then dehydrated using an alcohol series, as described above, with three rinses of 100% acetone (15 min each) just before the start of inÞltration. The specimens were gradually inÞltrated with a graded series of SpurrÕs low viscosity resin (Spurr 1969 ) over a period of several hours. To facilitate inÞltration of the chitin, each step of the inÞltration process was centrifuged in an ultracentrifuge at 8000 rpm for 30 min. Digestive glands were inÞltrated in a graded series of SpurrÕs low viscosity resin over a 3-day period instead of the centrifugation process. After several Þnal changes in 100% SpurrÕs resin, the specimens were placed in plastic molds and polymerized overnight. Specimens were sectioned with glass knives on a Porter Brown MT2 ultramicrotome. Serial sections 1 m each were obtained, and stained with a 0.1% solution of methylene blue in 1% boric acid. The sections were examined and photographed using a Aus Jena (Jenaval, Jena, Germany) light microscope. Some specimens were embedded in SpurrÕs resin, and the block was then fractured at different points by a razor blade for viewing in the SEM.
To determine the length of time required for the salivary glands to empty and reÞll, an interrupted feeding trial was performed. Adults of B. lutarium were fasted for 72 h, then randomly assigned to 1 of 12 treatments (n ϭ 3 per treatment). Treatment 1 was a control with which to compare the other treatments in an analysis of variance (ANOVA); bugs in this treatment were not fed, but were killed and Þxed in DavidsonÕs ßuid (as described above) after the fasting period and at the beginning of the feeding trial. All other bugs were given a large wax worm (Galleria sp.) at the beginning of the feeding trial, and each of the remaining treatments consisted of a length of time that the bugs were allowed to feed before being euthanized. The time periods for feeding were 5, 10, and 30 min, and 1, 2, 4, 8, 24, 48, 72, and 96 h. All bugs Þnished feeding by hour 3. All animals were euthanized by Þrst submersion in ice water to induce a near-immediate cessation to feeding. Subsequently, each animal was decapitated with a pair of dissecting scissors to expose the body cavity to the Þxative, and the animals were immediately dropped into the chilled Þxative (4 Ð 8ЊC) and Þxed overnight. After dissection and dehydration in alcohol, the glands were observed under a dissecting microscope. Belostomatid salivary glands are paired compound apocrine-type glands composed of multiple subunits or rosettes. Counts were made of the total number of rosettes in each gland. Also, rosettes that contained secretions appeared milky white, and the percentage of rosettes that contained enzyme was recorded. An ANOVA was used to compare the percentage of rosettes containing secretion across the treatments (Packard and Boardman 1988) .
Results and Discussion
Proboscis and Labium. The proboscis is a long narrow cylinder composed of three jointed segments with a proximal and a distal opening (Fig. 1a) . The proboscis is normally folded underneath the head when the animal is at rest, but descriptive terms below are with the proboscis projecting anteriorly. The posterior edge of the proximal part of the proboscis is attached to the ventral plate of the cranium (Posterior Plate of Parsons 1969a; gula of Cranston and Sprague 1961) through a ßexible joint. Two hollow tubes are formed by the exoskeleton of the proboscis. The main tube houses the nerves and musculature associated with movement of the three segments of the proboscis. An infolding of the dorsal surface to the proboscis forms a channel that contains the labrum and feeding stylets (Fig. 1c) . This second channel is not completely fused dorsally; however, the stylets do not come out of this channel. The three segments of the proboscis, from proximal to distal, have mean lengths (n ϭ 10), respectively, of 2.11, 1.85, and 0.81 mm. The Þrst segment is the longest, is curved posteriorly, and has numerous setae on its ventral and lateral sides, just at its point of attachment to the ventral plate (Fig. 1c) .
Segment two is nearly straight with a slight posterior curvature and contains sparse setae on its ventrodistal surface. The most distal segment of the proboscis is trifurcate, with two dorsal limbs and one ventral limb. These three limbs form a closeable aperture for the passage of the feeding stylets (Fig. 2d) . The tip of the proboscis is lined with numerous setae; presumably, some of these have a mechanosensory function (Backus 1988) .
Attached to the hypopharynx and projecting within the proboscis is the modiÞed labrum ( Fig. 1c ; Snodgrass 1935 ). The proximal portion of the labrum is fused to the anterior perimeter of the oral cavity, forming a continuous cavity with the proboscis. Distally, the labrum forms a sleeve-like cylinder that lines the inside of the proboscis. Within the labrum, the feeding stylets exit the oral cavity and enter the proboscis (Fig. 1c) .
Feeding Bristles. The mandibles and maxillae of the hemipterans are modiÞed into a pair each of elongate, hollow, needle-like feeding stylets ( Fig. 2; Snodgrass 1935) . The pair of mandibular stylets are shorter (mean ϭ 7.1 mm, n ϭ 10) than the maxillary stylets (mean ϭ 10.1 mm, n ϭ 10), but originate near the anterior of the cranium. Both pair of stylets overlap each other, forming an elongate double-layered cylinder, with the mandibular stylets forming the outer layer, and the maxillary stylets forming the inner layer (Fig. 2c) . Within the canal of each stylet are three dendrites, presumably of mechanosensory function ( Fig. 2f; Backus 1988 ). Through two canals formed by the interlocking of the two maxillary stylets, salivary secretions are delivered to the prey, and liqueÞed food is withdrawn into the oral cavity (Fig. 2c) .
The mandibular stylets are attached to the cranium just anterior to the eye via protractor and retractor muscles that attach to a lever mechanism (Fig. 3) , similar to the maxillary lever system of Magicauda (Snodgrass 1935) . The tips of the mandibular stylets are stout (compared with the maxillary stylets), pointed, and lined along their lateral edges with Ϸ5 (range, 3Ð 6) retrosely oriented barbs (Fig. 2e) . Variation may occur within an individual in the number of barbs, but does not exhibit any pattern of consistent left-right asymmetry. A chitinous lever system is present that serves to return the maxillary stylets to the resting position after contraction of the mandibular retractor muscle (Fig. 3) . This lever mechanism has been described for other Hemiptera (Snodgrass 1935) .
The maxillary stylets are longer and more complex than the mandibular stylets. These two stylets are interconnected along their distal portion by complementary ball and socket joints along their edges (Fig. 2c) . This complex connection between the two stylets allows them to slide along each other while maintaining the integrity of the food and salivary canals (Fig. 2c) . The maxillary stylets are encased by the outer, overlapping mandibular stylets (Fig. 2c) . The tips of the maxillary stylets contain a bank of parallel "ßaps" (Fig. 2, a and b) . These structures are found along the interior of the canal formed by the two maxillary stylets and interdigitate, evidently, serving to Þlter large particles during the withdrawal of the liquid meal. Along the external surfaces of the tip of the maxillary stylets are a row of short, sharp-pointed projections that could serve for tearing the prey tissues (Fig. 2, a and b) . Within the oral cavity, the maxillary stylets run along the lateral edges of the buccal cavity. The maxillary retractor muscles are attached to the posterior-most limit of the stylet and insert on the cranium near its posterior edge. The protractor muscle is long, attaching just anterior to the proximate limit of the maxillary stylet and inserting at the anterior tip of the cranium, on the inner surface of the lorum. A chitinous lever system is not present for the maxillary stylets.
Cibarium. The cibarium is a muscular and cuticular structure at the anterior portion of the mouth that pumps the liqueÞed food out of the prey; it is roofed by the clypeus and anteclypeal plate (Fig. 1b) . The roof of the cibarial chamber is composed of a pair of sclerotized, elongate medially connected rasping, Þl-tering structures called triturating devices (Fig. 4 , b and d; Parsons and Hewson 1976) . The roof of the cibarial chamber is attached to the head capsule dorsally by Ϸ27 pairs of muscles that originate in a straight line along the midline of the roof (Fig. 4a) . The triturating devices of B. lutarium are simple and lack elaborate rasping structures seen in other aquatic hemipterans (Parsons 1972) . The rasping structures are present as rows of numerous small transverse ridges along the entire length of the roof of the cibarial chamber (Fig. 4, b and d) . Just anterior to the tip of the triturating devices, medially placed, lies a hollow pit, the sensory organ (Fig. 4d) . The sensory organ of B. lutarium is a shallow cavity partially covered by an anterior projection from its posterior wall. It lacks any type of sensory setae in agreement with other Nepomorpha (Parsons and Hewson 1976) .
The walls of the cibarial chamber are composed of smooth ßexible cuticle that, at rest, fold the roof down in contact with the ßoor, similar to a bafße (Figs. 4e  and 5a ). The ßoor of the cibarial chamber is composed of the medially fused, anterior portions of the pharyngeal wings (Fig. 5b) . The surface of the ßoor bears shallow indentations corresponding to the ridges in the triturating devices that are in contact with the ßoor of the mouth when at rest (Figs. 4, b and d, and 5b) . The anterior limit of the cibarial ßoor narrows to the Figure is drawn to scale from scanning electron images and dissecting microscope observation (scale bar ϭ 1 mm). mx ϭ Maxillary stylet, r ϭ retractor muscle, p ϭ protractor muscle, l ϭ maxillary lever, e ϭ eye, p ϭ proboscis.
point of attachment of the proboscis. At this point, the feeding stylets travel from the proboscis into the anterior portion of the cibarial chamber and then exit the mouth cavity proper through openings in the anterior portion of the cibarial chamber (Fig.  4c) . The tissue of the cibarial ßoor interdigitates between the left and right pairs of stylets, separating them and wrapping around their entire circumference (Fig. 4, c and f) . This interaction diverts the path of the food canal into the cibarial chamber. The salivary channel is likewise intercepted by the tissue of the anterior part of the efferent duct of the salivary syringe located ventral to the cibarial chamber (Figs. 4f and 5, a, c, d , and e).
Salivary Syringe. Ventral to the cibarial chamber is a cuticular salivary syringe. The composition of the body of the salivary pump appears to agree with that described for B. flumineum by Parsons (1963) . It consists of two afferent ducts leading from the salivary gland into the posteroventral wall of the pumping apparatus, the body of the pump, and a single anterior efferent duct (Fig. 5, aÐ e) . All of these structures are lined with a thick layer of cuticle. The two afferent ducts do not fuse before entering the body of the pump (as described for B. flumineum), but attach separately. The efferent duct lies directly beneath the anterior portion of the cibarial chamber and delivers the salivary product to the proboscis. This anterior portion of the salivary duct is wrapped by the anterior portion of the cibarial chamber and interdigitates between the left and right feeding stylets ventral to the food canal, thus directing the saliva into the ventral salivary duct (Fig. 5d) . A complex valve is present in the anterior portion of the salivary pump, within the entrance to the afferent duct (Fig. 5a ). It is composed of two, lateral projections that meet ßush in the middle, dividing the proximal portion of the afferent duct canal into an upper and lower slit, connected by a medial slit. The ventral wall of the efferent duct is completely enclosed, unlike that described by Parsons (1963) for B. flumineum.
Salivary Glands. The salivary gland of the Hemiptera is a varied and often complex structure. In B. lutarium, it is composed of four main components plus the ducts that interconnect these parts (Figs. 6 and 7). The main salivary gland is a compound acinar exocrine-type gland composed of simple cuboidal cells. The main gland is the largest component of the salivary gland with Ϸ80Ϫ150 acini (rosettes) arranged along an elongate central canal (main gland duct). Each rosette of the main salivary gland opens directly into the central canal (Fig. 7f) . One or more myoepithelial cells wrap each rosette (Figs. 6c and 7a) .
Conduction of the saliva from the main salivary gland anteriorly is controlled by a complex, cuticlelined valve within the main gland duct (Fig. 7, d and e). The valve is composed of three compartments, delimited by two noncuticular, parallel tissue layers running along the middle of the canal. On either side of these centrally located ßaps, two chitin-lined chambers are formed, open anteriorly and closed-ended posteriorly. The third compartment is formed between the tissue layers, and it is continuous anteriorly with the salivary duct and posteriorly with the central canal. Two storage sacs for nonactivated enzyme are located one on either side of this valve. Entrance and exit to the storage sacs are controlled by the central, cellular ßaps within the main gland duct. Anterior to the valve, two ducts intersect the salivary duct. The most posterior one connects the lateral gland to the main gland duct, while the most anterior one connects the accessory salivary gland to the main gland duct (Fig. 7, c and e) .
The lateral salivary gland is also a compound acinar exocrine-type gland, is overall approximately onefourth the size of the main gland, and is organized in a slightly different manner (Fig. 6, a and b) . The central canal within the anterior portion of the lateral gland is poorly deÞned. The anterior-most acini are composed of a simple squamous tissue type and maintain openings with the central canal as well as the acini adjacent (laterally, anteriorly, and posteriorly) to it (Fig. 7b) . These anterior acini may serve as storage for products produced in the posterior acini, which are composed of a simple cuboidal tissue type, each acinus having a single opening into the central canal.
The accessory salivary gland (ASG) is a simple tubular exocrine gland and is divided into two parts, composed of distinctly different cell types. The anterior portion of the ASG is composed of two distinctly different cell types, arranged into two layers (Fig. 8a) . The external layer is formed by small cuboidal cells. The internal layer is composed of very large ßat cells, with large, prominent, regularly spaced nuclei. The posterior portion of the ASG is much smaller in diameter, but is composed of the same two cell types (Fig. 8b) . However, the larger, interior cell type is more numerous, and the luminal border has a thick microvillus layer. Yadav (1992) demonstrated a very similar morphology in the belostomatid Lethocerus indicus; no microvillus border was indicated.
Interrupted Feeding Trial. No signiÞcant difference was found between the average number of gland units among bugs in each treatment ( Fig. 9A ; F ϭ 2.184; n ϭ 11, 3; P Ն 0.053, SS ϭ 11049.3, MS ϭ 1004.5), so the percentage of gland units containing enzyme was compared between treatments using an ANOVA, instead of a regression (Packard and Boardman 1988) . TukeyÕs test was used to compare between treatments, and a Bonferroni adjustment was used to correct ␣ for multiple comparisons. A signiÞcant difference was found between the control (0 min) and the 5 (P Յ 0.005)-, 10 (P Յ 0.018)-, 30 (P Յ 0.024)-, and 60 (P Յ 0.031)-min treatments (SS between groups 1.162, MS ϭ 0.106, F 11 ϭ 5.628, P Յ 0.0001). No signiÞcant difference was found between the control and the 2-h or any of the longer time periods (Fig. 9B ). No bugs were still feeding at the 3-h time period. Furthermore, all three productive components of the gland (main gland, lateral gland, and accessory gland) all emptied concurrently. Observations on cross sections of glands from the interrupted time trial indicate that the rosettes of both the lateral and main gland empty from posterior to anterior.
Mouthparts. Retrosely oriented barbs on the mandibular stylet tips have been described for numerous hemipteran taxa, including phytophagous, zoophagous, and mixed feeding species. These barbs function to hold the stylet bundle in place while the maxillary stylets rasp the tissues underneath. It has been proposed that these barbs are more pronounced in zoophagous species than they are in phytophagous species (Boyd et al. 2002) . The large barbs described in this work for Belostoma and elsewhere for other Belostomatidae (Cobben 1978 , Kaushik 1987 are the most pronounced of any maxillary barbs described among the hemiptera. These large barbs may aid belostomatids in capturing and feeding on prey much larger than themselves. The lateral asymmetry in the number of barbs on the mandibular stylets, ranging from three to six in B. lutarium, has been noted in other species of Belostomatidae (Cobben 1978) .
The structure of the triturating devices has also been correlated with feeding habits of the aquatic predaceous Heteroptera (i.e., Nepomorpha, Parsons 1965 Parsons , 1969a Parsons and Hewson 1976) . These studies showed that the triturating devices are most pronounced in the Corixidae, less so in the Naucoridae, Notonectidae, Aphelocheiridae, Octeridae, and Gelastocoridae, and are very simple in the Nepidae and Belostomatidae. Parsons and Hewson (1976) suggested that the ßuidity of the food drawn into the mouths of these predators was related to the complexity of the triturating devices. This implies that those taxa with the most complex triturating devices ingest coarsely broken down tissue from the prey, which is further ground and Þltered within the oral cavity. This hypothesis has not been tested, but suggests possibility for several alternative feeding strategies within the Nepomorpha. One might predict that those taxa with complex triturating devices (Corixidae) inject fewer digestive enzymes into the prey, and perform more mechanical food processing than those taxa with simpler triturating devices (Belostomatidae, Nepidae). Alternatively, all taxa may inject a similar suite of enzymes, but those taxa with complex triturating devices devote less time to feeding on individual prey items, because more processing is done in the oral cavity and digestive tract, rather than in the prey. This process holds obvious repercussions for feeding habits of aquatic Hemiptera especially in terms of the energetic cost of enzyme production, prey size selection, intercatch interval, and partial prey consumption (Lucas 1985 , Kaspari 1990 , Jeschke et al. 2002 . A similar situation may exist among the Araneae that possess a pharyngeal Þltering device (palatal plate, Felgenhauer 1999) .
Gland Structure and Function. The division of labor in the salivary glands of the plant feeding bug Oncopeltus fasciatus Dallas (Heteroptera: Pentatomomorpha: Lygaeidae) has been thoroughly studied and provides the most useful description for comparison with our results (Miles 1967 (Miles , 1972 . The salivary gland of Oncopeltus is composed of accessory, anterior, posterior, and lateral glands. The anterior and lateral glands produce secretions that form a sheath on the surface of the food source. The posterior lobe produces the digestive enzymes, and the accessory gland secretes an alkaline solution and polyphenol oxidase. Many taxa of predaceous Heteroptera, including the Belostomatidae, do not produce a salivary sheath and have a simpler salivary gland structure. The lateral gland described in this study for Belostoma may be homologous to either the anterior or lateral gland of the Pentatomomorpha or may be derived from the main gland. The main gland of nonsheath-forming Heteroptera is also responsible for production of the bulk of the digestive enzymes (Miles 1972) . Our observations indicate that in Belostoma, the lateral gland produces a milky solution indistinguishable (visually) from that of the main gland and presumably includes digestive enzymes.
The energetic cost of producing the salivary secretion by animals practicing EOD is thought to be an important determinant of feeding strategies. Three main physiological characteristics of the salivary gland complex inßuence foraging strategies of extra-oral digestors: Þrst, the mechanism of secretion of the gland (holocrine or merocrine); second, the kinetics of the enzymes secreted; and Þnally, the division of labor in the main gland, which affects the temporal release of enzyme from the gland.
Holocrine secretion involves the destruction of the secretory cell releasing the product into the lumen of the acinus. Merocrine and apocrine secretion involves fusion of secretory vesicles with the cell membrane, and some loss of cell wall during product secretion, but the nucleus remains intact. Distinction between apocrine and merocrine secretion may be artiÞcial, and the term exocytosis is currently used to describe these processes of noncell-destructive secretion (Fawcett 1994) . Typically, a gland that exhibits holocrine secretion should have a much longer refractory period for regeneration of secretory product. However, holocrine secretion does not necessarily require a long refractory period for gland regeneration, as demonstrated by goblet cells in the mammalian intestinal tract (Fawcett 1994) . Holocrine secretion has been indicated in the Araneae (Foelix 1982) , although recent evidence in Cupiennius salei Keiserling (Araneae: Ctenidae) indicates that this may not always be the case (Malli et al. 2000) . Exocytosis has been indicated in digestive enzyme secretion in the midgut of Orthoptera (Abracris flavolineata DeGeer, Marana et al. 1997) and Coleoptera (Tenebrio molitor Linnaeus larvae, Cristofoletti et al. 2001 , Ferreira et al. 2002 . Studies on the mechanism of secretion of insect salivary glands are lacking. However, Yadav (1992) reported droplets of gland product at the periphery of the accessory gland lumen in the Belostomatid, Lethocerus indicum Lepeletier and Serville, and he suggested that these were secretory vesicles, indicating an exocytotic mode of secretion. We also found droplets of gland product at the periphery of not only the accessory gland, but of the main and lateral salivary glands as well. We suggest that an interpretation of the droplets as secretory vesicles is premature, precluding transmission electron microscopy verifying the nature of these structures. However, we Þnd no evidence of holocrine secretion in any of the gland components, and the quick turnaround time of the salivary production found in our experiment suggests that if holocrine secretion does occur, the gland is organized for quick regeneration of active cells.
The second physiological characteristic of hemipteran salivary glands that may inßuence foraging mode is the kinetics of the digestive enzymes. Several enzymes from terrestrial heteropterans have recently been identiÞed and characterized (Cohen and Tang 1997 , Agustṍ and Cohen 2000 , Colebatch et al. 2001 , Boyd et al. 2002 . One fascinating result of these studies is the temporal difference in the extraction of different classes of macromolecules from prey (Cohen 1995) . Trypsin-like proteinases of two species of Cimicomorpha (Heteroptera) have been shown to hydrolyze benzoyl-DL-arginine-p-nitroanilide much faster than two species of Pentatomomorpha (Heteroptera) (Cohen 1995) . Cohen (1995) has shown that there is a considerable difference not only in the rate of overall digestion between different groups of Heteroptera, but in the temporal extraction of different classes of macromolecules during feeding. Carbohydrates are extracted most rapidly, followed by proteins, and Þ-nally lipids. Our results indicate that all three productive components of the salivary gland complex (main, lateral, and accessory glands) empty their products concurrently, in a posterior to anterior sequence during the feeding process. Therefore, it is possible that both the kinetics of the enzymes involved and the position in the gland in which the enzyme is produced may affect the temporal extraction of classes of macromolecules from the prey.
The salivary gland components of Oncopeltus have been shown to empty from posterior to anterior, and to produce a variety of different enzymes. We also noted this pattern in B. lutarium. While a division of labor between the components of the salivary complex has been demonstrated, a division of labor within the main gland, which produces a number of different enzymes, has not been investigated. Testing for division of labor in the enzyme-producing components of the gland complex, in concert with an assay of the enzyme kinetics, should explain the mechanism of temporal timing of macromolecular extraction.
The myoepithelial cells present in the salivary gland complex, to our knowledge, have not been previously reported. It seems that little is known about these smooth muscles in insects (Nation 2001) , and this aspect of hemipteran salivary gland deserves further research. Several previous studies have described the use of the smooth muscle-contracting agent, pilocarpine, for use in obtaining saliva from hemipterans (Miles 1972 , Cohen 1990 ). The pilocarpine probably acts on these muscles.
Just as the morphology of the mouthparts yields some potential information on feeding habits, the structure and function of the salivary gland may limit the feeding strategies of hemipterans as well. Several inferences can be drawn about the function of the different parts of the salivary gland complex from the interrupted feeding trial combined with the complexÕs general morphology and topology. First, the majority of salivary enzymes are produced by the main salivary gland and are stored in their inactive state in the storage sacs until the bug feeds. The inactive state of these enzymes is indicated by the lack of any cuticular layer protecting the main gland duct within the acini or the storage sac. Second, the acini of all four gland components (main salivary gland, accessory salivary gland, lateral salivary gland, and storage sacs) are emptied of their contents by the action of myoepithelial cells. Third, the enzymes are activated by the mixing of the products of the main salivary gland, accessory salivary gland, and lateral salivary gland (in agreement with Miles 1972) . Fourth, the enzyme cocktail of Belostoma is continually regenerated during the feeding period, leaving essentially no refractory period. Our results indicate that Belostoma is not limited by salivary enzyme production, at least not while feeding on a single large prey item. Further understanding of the division of labor in the enzyme-producing components of hemipteran salivary gland is warranted.
